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a b s t r a c t
Gonadotropin-releasing hormone 1 (GnRH1) is a key regulator of the reproductive neuroendocrine sys-
tem in vertebrates. Recent developments have suggested that GnRH1 neurons exhibit far greater plastic-
ity at the cellular and molecular levels than previously thought. Furthermore, there is growing evidence
that sub-populations of GnRH1 neurons in the preoptic area are highly responsive to specific environ-
mental and hormonal conditions. In this paper we discuss findings that reveal large variation in GnRH1
mRNA and protein expression that are regulated by social cues, photoperiod, and hormonal feedback. We
draw upon studies using histochemistry and immediate early genes (e.g., c-FOS/ZENK) to illustrate that
specific groups of GnRH1 neurons are topographically organized. Based on data from diverse vertebrate
species, we suggest that GnRH1 expression within individuals is temporally dynamic and this plasticity
may be evolutionarily conserved. We suggest that the plasticity observed in other neuropeptide systems
(i.e. kisspeptin) may have evolved in a similar manner.
 2012 Elsevier Inc. All rights reserved.
1. Introduction
In vertebrates, hypothalamic peptides are a critical component
of the neuroendocrine regulation of reproduction. The identifica-
tion of a single decapeptide in sheep and swine called Gonadotro-
pin-releasing hormone (GnRH1) that exerts specific and profound
effects on pituitary release of gonadotropins provided a significant
advancement for understanding how the brain controls reproduc-
tion (Burgus et al., 1972; Schally et al., 1971). Several subsequent
studies identified GnRH1 in a wide range of species suggesting it
is an evolutionarily conserved decapeptide that connects the brain
functionally with the peripheral reproductive system (Gorbman
and Sower, 2003; King and Millar, 1992; Muske, 1993; Okubo
and Nagahama, 2008; Roch et al., 2011; Somoza et al., 2002). In
the vast majority of species, the GnRH1 neuronal system is the final
common processing step for the control of gonadotropin secretion
and is essential for fertility and the successful timing of reproduc-
tion. GnRH1 neuronal plasticity can take many forms. One aspect
of this phenomenon relates to the electrical and cellular events in-
volved in the episodic secretion of GnRH1 (Herbison, 1998; Jasoni
et al., 2010; Moenter et al., 2003) as well as the cell–cell commu-
nication processes (Prevot et al., 2010) that underlie the role of
GnRH1 in reproductive function. However, GnRH1 plasticity is also
manifested at the level of mRNA and protein expression in
response to external and internal signals and that is the focus of
the current paper. In this review, we will discuss the photoperiodic,
social, and hormonal regulation of GnRH1 mRNA and protein
expression from a comparative perspective.
1.1. GnRH1 structure, distribution and function
To date, at least two isoforms of the GnRH decapeptide have
been identified in all species. These are (1) the hypophysiotropic
GnRH1 located in the anterior hypothalamus/preoptic area (AH-
POA), referred to as GnRH1, and (2) other GnRH peptides found in
other regions of the brain (Fernald and White, 1999; Gore et al.,
2002; King and Millar, 1992; Okuzawa et al., 1990; Zohar et al.,
2010). Among these other GnRH populations, GnRH2 is primarily
located in the midbrain, and GnRH3 is predominantly localized in
the olfactory and forebrain regions (Fernald andWhite, 1999; Zohar
et al., 2010). In the vast majority of species, GnRH1 cells are surpris-
ingly few in number, ranging from 800 to 1000 neurons primarily
distributed in a loose continuum from the anterior hypothalamus/
preoptic area into the septum (Fig. 1A, Silverman et al., 1994).
GnRH1 cells generally exhibit an ovate, fusiform or roundmorphol-
ogy with either one (i.e. unipolar) or two (i.e. bipolar) projections
(Lehman and Silverman, 1988; Lehman et al., 1988). Most GnRH1
cells have been shown to project via a hypothalamo-infundibular
tract to the median eminence (ME) enabling the release of the dec-
apeptide into the hypothalamo-pituitary portal system (Fig. 1B
Barry, 1979; Prevot et al., 2010). Recently, another group of GnRH1
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cells was found to project into the organum vasculosum of the lam-
ina terminalis (OVLT) and terminate outside the blood–brain-bar-
rier (Herde et al., 2011). This cell group is proposed to secrete
GnRH1 directly into the ventricle and may be involved in the LH
surge in mammals (Herde et al., 2011). GnRH1 has also been impli-
cated in direct regulation of sexual behavior independent of gona-
dotropin release (Cheng, 1977; Maney et al., 1997; Moss and
McCann, 1973; Pfaff, 1973). This observation has led to the hypoth-
esis that GnRH1 may be acting in brain regions other than the sep-
to-infundibular system to coordinate changes in reproductive
physiology with sexual behavior.
1.2. Discovery of GnRH1 plasticity in birds
In this section we will describe the marked plasticity in GnRH1
that was discovered in birds in the 1980s. This is a form of neuro-
plasticity that has not been widely recognized. The term neuro-
plasticity is evoked to describe a range of phenomena in the
brain. One of the major developments in the field of neuroscience
in the late 20th century was to recognize that significant morpho-
logical and physiological brain plasticity occurred quite frequently
in adult endothermic vertebrates. Physiological plasticity generally
refers to enduring changes in synaptic physiology that can occur
after different patterns of physiological stimulation. Long-term
potentiation (LTP) and long-term depression (LTD) are two
well-known examples of this phenomenon (Bear and Malenka,
1994; Malenka and Bear, 2004). Morphological plasticity refers to
measurable changes in morphology including cell size, cell num-
ber, cell shape and the connectivity among brain nuclei. This re-
view will focus on plasticity in GnRH1 mRNA and protein in a
variety of species.
The lack of substantial behavioral recovery after brain damage
produced by accidental trauma or neurodegenerative diseases
was, for a long time, taken as evidence for the absence of marked
plasticity in the adult central nervous system of many vertebrate
species including humans. It has, however, been acknowledged
during the last few decades that mature adult neurons in the adult
mammalian brain change their size and anatomical relationships
with adjacent glial cells or reorganize their dendritic tree over the
course of hours to days (e.g., Garcia-Segura et al., 1988; Theodosis
and Poulain, 1992). While neurogenesis was previously thought
to be completely absent in adult endothermic vertebrates, a limited
amount of neurogenesis has been identified in specific brain regions
of adult mammals (Altman and Das, 1965; Altman, 1969; Gould,
2007), possibly including humans (Bhardwaj et al., 2006; Eriksson
et al., 1998). Neurogenesis and neural plasticity are, to an even
greater extent, also observed in birds as well as other species and
several aspects of this plasticity seem to be related to the prominent
annual cycles of gonadal activity. For example the forebrain nuclei
that regulate vocal production in songbirds exhibit marked changes
Fig. 1. The distribution and photoperiodic regulation of GnRH1. (A) A photomicrograph offlourescent labeled GnRH1 cells via immunocytochemistry in the European starling.
GnRH1 cells are bi-laterally distributed along the third ventricle (3V) and send long ventral-caudal projections into the median eminence (ME). The release of GnRH1
stimulates the pituitary gland to secret gonadotropin into the circulation leading to gonadal development and increased steroidogenesis and gametogenesis. (B) Schematic
representation of GnRH1 cells, indicated in green, in the preoptic area. Recent evidence has shown that GnRHl innervates the ependymal layers in the ventricle in addition to
the ME, suggesting GnRHl can regulate reproductive physiology and/or behavior independent of gonadotropin release. Many seasonally breeding species require the local
conversion of thyroid hormones (T4) into (T3) in the ME. The increase in local T3 concentrations are important for the retraction of tanycytes, represented in blue, thus
permiting GnRH1 release from synaptic terminals. (C and D) Representative graphs depicting the annual variation in GnRH1 plasticity in the highly photoperiodic European
starling and Japanese quail. These two birds represent the two ends of the avian photoperiodic spectrum with Starlings exhibiting marked plasticity in GnRH1 that is
associated with breeding periods whereas the quail maintain constitutively elevated levels of GnRHl cell numbers. In starlings, the seasonal change in reproductive
physiology includes regulation of GnRH1 mRNA/protein content and GnRH1 release. In contrast, the seasonal change in quail reproduction is governed primarily at the level
of GnRH1 release. The red bar indicates the breeding period.
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in morphology and physiology (Ball et al., 2002; Brenowitz, 2004)
and similar seasonal changes have been observed in other species
(Tramontin and Brenowitz, 2000).
In mammals, GnRH1 mRNA and protein levels increase during
reproductive development (i.e., puberty) and then reach a plateau
in adulthood (Gore et al., 1999; Wolfe et al., 1996). Few vertebrate
species are known to exhibit GnRH1 plasticity in adulthood and
the degree of morphological plasticity of these cells, if present, is
minimal. In contrast to low degree of plasticity in mammals are
the marked and reliable changes in GnRH1 expression that was dis-
covered in one avian order, the Passeriformes (Dawson et al., 1985;
Foster et al., 1987; see (Ball and Hahn, 1997) for a review of this
early work). The initial study demonstrated that European starlings
(Sturnus vulgaris) exhibited significant variation in GnRH1 protein
content in the hypothalamus across breeding and non-breeding
states (Dawson et al., 1985). These findings led to the investigation
of a number of other related species that also exhibit a similar pat-
tern of GnRH1 expression,with approximately a 100-fold difference
between the high concentrations observed in breeding as compared
to those measured in non-breeding birds (Dawson et al., 2002).
However, not all species investigated have exhibited such marked
variation in GnRH1 brain content. The degree of GnRH1-system
plasticity observed among passeriformes is proposed to have
evolved as an adaptation that facilitates the timing of a diverse
set of reproductive schedules that exhibit a range of flexibility
(MacDougall-Shackleton et al., 2009). In birds that are highly photo-
periodic and have restricted breeding periods, the degree of GnRH1
plasticity is more pronounced than in flexibly or opportunistically
breeding species. Opportunistic species are those that seem to be
able to breed whenever conditions are favorable for reproduction.
So species such as crossbills (genus Loxia) will breed in the winter
under short day conditions if sufficient numbers of conifer cones
with nutrient rich seeds are available (Hahn, 1995). Information
theoretic approaches including the constancy/contingency model
(Colwell, 1974) predict GnRH1 plasticity in relation to a variety of
reproductive schedules (Stevenson and Ball, 2011). In the next sec-
tion, we focus on the environmental and hormonal regulation of
GnRH1 using select examples from different vertebrate species.
2. Environmental and hormonal regulation of GnRH1
expression
The GnRH1 expressing cells in the brain of vertebrates are an
evolutionarily conserved neural system that provides a key link be-
tween the brain and peripheral reproductive endocrine system
(Herbison et al., 2006). There are other neuroendocrine pathways
that play a role in some circumstances in the regulation of repro-
ductive outcomes (e.g., thyroid hormones, prolactin, glucocorti-
coids), however, the output of the GnRH1 cells clearly regulates
the reproductive cycle and acts as a master and commander for
the timing of reproduction. The critical event that regulates the
onset of reproduction is ovulation or oviposition (Ball, 1993). The
final physiological step for ovulation is the surge of luteinizing
hormone that is mediated by positive feedback on the GnRH1 neu-
ronal system (see Herbison et al. (2006) for a review). Here, we will
discuss how the annual change in photoperiod regulates the
amount of GnRH1 mRNA and protein expression in birds, how
the social environment can modify GnRH1 content in fish, rodents
and birds, and then briefly discuss the role of negative feedback by
gonadal steroids on GnRH1 plasticity.
2.1. Photoperiodic regulation of GnRH1 mRNA and protein in birds
The first identification of marked differences in the hypotha-
lamic content of GnRH1 in birds was in European starlings (Dawson
et al., 1985). In birds, the general photoperiodic response consists of
marked GnRH1 plasticity that is primarily driven by the annual
change in length of the photophase (hereafter day length)
(Fig. 1C) as evidenced in European starlings (Dawson, 2003;
Dawson et al., 2001; Parry et al., 1997). Here, the vernal increase
in day length stimulates the neuroendocrine reproductive system
leading to a breeding state termed photostimulated (Dawson et al.,
2001). Photostimulation is manifested as gonadal recrudescence,
increased gametogenesis, steroidogenesis and high levels of repro-
ductive behaviors. After prolonged exposure to long day lengths,
gonadal involution occurs and the neuroendocrine drive for repro-
duction is ‘turned down.’ This state is referred to as photorefractory
(Dawson and Sharp, 2007; Nicholls et al., 1988). Reproductive
photorefractoriness in birds is defined as physiological unrespon-
siveness to the previously stimulatory long day lengths. This repro-
ductive state is significant as it serves to restrict breeding to periods
that are optimal for the developing offspring, and allows birds to
undergo other phases of their annual cycle such as molt and premi-
gratory fattening before the onset of inclement weather, even if
environmental cues (temperature, food supply, and photoperiod it-
self) remain favorable. In order to regain physiological responsive-
ness to the stimulatory long day lengths, many bird species must
experience a period of short day lengths associated with the fall
and early winter. The exposure to short day lengths is said to ‘break’
photorefractoriness and leads to a physiological state referred to as
photosensitivity (Dawson et al., 2001). This photoperiodic pattern
results in birds that transition through three distinct reproductive
states: (1) photosensitive (i.e., pre-breeding), (2) photostimulated
(i.e., full breeding capability), and (3) photorefractory (i.e., non-
breeding).
Birds that transition through photosensitive, photostimulated
and photorefractory states exhibit moderate levels, significantly
elevated levels and finally almost undetectable levels of GnRH1,
respectively (Dawson et al., 2001; MacDougall-Shackleton et al.,
2009). For example, GnRH1 protein expression of laboratory
housed European starlings is low while the birds are on short
day lengths (Foster et al., 1987; Park et al., 1988; Pinter and
Peczely, 2010) but increases following photostimulation with long
day lengths (Foster et al., 1987; Park et al., 1988; Pinter and
Peczely, 2010). The onset of photorefractoriness after several
weeks of exposure to long day lengths results in a dramatic decline
in GnRH1 content (Dawson et al., 2001; Foster et al., 1987;
Goldsmith et al., 1989; Park et al., 1988). Studies that have inves-
tigated GnRH1 content using immunocytochemistry illustrate that
the change in GnRH1 protein is associated with a change in the
number of detectable immunoreactive cells (Foster et al., 1987;
Park et al., 1988; Stevenson and Ball, 2009). In addition to regulat-
ing GnRH1 protein content, the release of GnRH1 from synaptic
boutons is also regulated by photoperiodic experience (Dawson
and Goldsmith, 1997). In photosensitive birds, even though GnRH1
content in the hypothalamus is somewhat elevated, the release of
GnRH1 at the median eminence is prevented (Dawson and
Goldsmith, 1997). In quail, glial endfeet surround GnRH1 terminals
and prevent contact with the basal lamina effectively inhibiting
GnRH1 release into the hypothalamo-pituitary portal blood
(Yamamura et al., 2004). The vernal increase in day length removes
the glial encasement thus permitting GnRH1 secretion leading to
gonadal recrudescence (Yamamura et al., 2004). The inhibition of
GnRH1 release is then reinstated during the onset of photorefrac-
toriness (Dawson and Goldsmith, 1997; Stevenson et al., 2009a).
Studies that have administered the neuroexcitatory amino acid
glutamate analog N-methyl-D-aspartate (NMDA) or N-methyl-DL-
aspartate (NMA) to birds in different reproductive states have
provided valuable insight into dissociating the photoperiodic
regulation of hypothalamic GnRH1 content from GnRH1 release.
The administration of exogenous NMDA leads to an increase in
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peripheral LH concentrations in a large range of mammals and
birds, and therefore, it has been claimed, provides a indicator of
the amount of releasable GnRH1 (Brann and Mahesh, 1997; Ebling
et al., 1995; Ebling and Cronin, 1998; Meredith et al., 1991;
Urbanski, 1990; Strobl et al., 1993). In songbirds, NMDA treatment
to photosensitive birds results in large increases in peripheral LH
concentrations in the European starling (Dawson, 2005) and
Cassin’s sparrow (Aimophila cassinii; (Deviche et al., 2008), but only
in a moderate increase in photostimulated birds and a negligible
change in photorefractory birds. However, white-crowned spar-
rows (Zonotrichia leucophrys) increase peripheral LH concentra-
tions in response to NMDA regardless of their photoperiodic state
(Meddle et al., 1999, 2006b). These data were taken as evidence
that the onset of photorefractoriness was associated with the inhi-
bition of GnRH1 release rather than a down-regulation of synthe-
sis. One caveat when comparing the response to NMDA across
different studies and therefore, species, is the timing regimen of
the injection. In the white-crowned sparrow study, NMDA was
administered early in photorefractoriness while sparrows had high
GnRH1 cell numbers, suggesting a large pool of GnRH1 content was
available for release. Furthermore, the sparrows had gonadal states
that suggested the birds had not attained a fully photorefractory
state. Thus, the increase in LH release most likely coincided with
the early stages of photorefractoriness when GnRH1 protein is still
synthesised but when any decreases in LH release are based on the
attenuation of GnRH1 release.
Whether the cellular and molecular mechanisms that are in-
volved in facilitating the release of GnRH1 during photostimulation
are similar to those that prevent the release of GnRH1 during the
onset of photorefractoriness is not well understood. Overall, the
findings in starlings suggest that the annual change in day length
has a dual role for the regulation of GnRH1 plasticity via (1) GnRH1
synthesis in the POA and (2) GnRH1 release from the ME. Several
species in the order Passeriformes have been shown to exhibit dra-
matic variation in GnRH1 content associated with different repro-
ductive states (Ball and Hahn, 1997; MacDougall-Shackleton et al.,
2009). For example, house sparrows (Passer domesticus; Hahn and
Ball, 1995; Stevenson and MacDougall-Shackleton, 2005), dark-
eyed juncos (Junco hyemalis; Deviche et al., 2006; Meddle et al.,
2006a,b), house finches (Carpodacus mexicanus; Cho et al., 1998),
rufous-collared sparrows (Zonotrichia capensis; [Moore et al.,
2006; also see Stevenson et al., 2012]), rufous-winged sparrows
(Aimophila carpolis; Small et al., 2008) and American tree sparrows
(Spizella arborea; Reinert and Wilson, 1996) exhibit this form of
GnRH1 plasticity.
One major gap in this research until recently was an inability to
directly measure GnRH1 gene expression across the photoinduced
reproductive states. A number of studies attempted to quantify var-
iation in expression of different GnRH1 precursor molecules as an
index for GnRH gene transcription by using antibodies directed to
the precursor peptide (Moenter et al., 2003; Park et al., 1988; Small
et al., 2008). The pro-GnRH-GAP peptide undergoes post-transcrip-
tional processing to produce a 23 amino-acid signal peptide (e.g.
pro-GnRH) and a 56 amino-acid GnRH-associated peptide (e.g.
GAP). Immunocytochemical studies demonstrated that the amount
of pro-GnRH-GAP changes across the photoperiodic states in star-
lings (Park et al., 1988) and white-crowned sparrows (Moenter
et al., 2003). Variation in AH/POA pro-GnRH1-GAP across breeding
states was also reported in the rufous-winged sparrow (Small et al.,
2008). These data provided evidence indicating that GnRH1 mRNA
expression changedwith photoperiod as did the active decapeptide,
however a persistent inability to sequence the songbird GnRH1
gene hampered direct assessment of this process. The sequencing
of the zebra finch (Taeniopygia guttata) genome (Warren et al.,
2010) ushered in a new era of avian molecular biology and played
a pivotal role in the ability to identify the GnRH1 sequence in
passeriformes (Stevenson et al., 2009a; Ubuka et al., 2009). This
provided the opportunity to directly assess whether seasonal
changes in photoperiod regulate GnRH1 mRNA in a similar manner
to protein expression. In starlings moderate levels of GnRH1 mRNA
characterize a photosensitive state, and after transferring starlings
to long day lengths (photostimulation) there is an increase inmRNA
followed by amarked decrease to almost undetectable levels during
refractoriness (Stevenson et al., 2009a). An increase in GnRH1
mRNA expressing cells is also observed during reproductive devel-
opment in another passerine, zebra finches (Ubuka and Bentley,
2009). The change in GnRH1 mRNA levels is primarily a result of
alterations in the number of cells expressing GnRH1 (Stevenson
et al., 2012, 2009b; Ubuka et al., 2009). It is unlikely that the change
in the number of detectable cells occurs as a result of neurogenesis
(Stevenson and Ball, 2009). Neurogenesis is widespread in the adult
avian brain; however it has not been identified in the preoptic area
of the hypothalamus to the extent that would be predicted based on
the changes in GnRH1 cell numbers (Nottebohm, 1985, 1989). Pho-
tosensitive canaries (Serinus canaria) that are injected with the thy-
midine analog bromodeoxyuridine (BrdU), a commonly used
marker of neurogenesis, and subsequently placed on long day
lengths failed to exhibit co-labeling in GnRH1 cells (unpublished
observations, but see (Stevenson and Ball, 2009). The absence of
sufficient new neurons in the hypothalamus (Nottebohm, 1985,
1989) combinedwith the lack of co-localization of BrdU and GnRH1
provides further support that the change in detectable cells is
attributed to renewed transcription and translation within existing
cells.
2.2. Social regulation of GnRH1 mRNA and protein in vertebrates
There is a substantial literature indicating that gonadotropins
and steroid hormones are modified by the social milieu an animal
experiences (Wingfield and Kenagy, 1991; Wingfield, 1988). There
is a growing body of literature illustrating that the GnRH1 system
itself is highly sensitive to the social environment (Hoffmann,
2006; Rissman, 1996. Studies in a diverse range of vertebrates,
including musk shrews (Suncus murinus; Dellovade and Rissman,
1994), African cichlid fish (Astatotilapia burtoni; (Burmeister et al.,
2007; Maruska et al., 2010; White et al., 2002; White and Fernald,
1993) and green treefrogs (Hyla cinerea; Burmeister and Wilczyn-
ski, 2005) have shown that GnRH1 expression is highly dynamic
and may be a driving force for reproductive and behavioral plastic-
ity. One of the best-studied models for GnRH1 plasticity is the cich-
lid fish A. burtoni. In this species, males exhibit very different
phenotypic morphs that are dependent on their social status
(Fernald and Hirata, 1977; Hoffmann, 2006). Territorial males are
larger, engage in mating behavior at higher rates and have larger
GnRH1 cells and more mRNA compared to non-territorial males
(Burmeister et al., 2007; White et al., 2002). The greater levels of
GnRH1 mRNA and cell size cannot be attributed to higher level of
testosterone as castration in this species further increases GnRH
cell size in territorial males, likely by removing negative feedback
(Francis et al., 1992). Recently, a time course study that evaluated
the change in gene expression profiles during ‘‘social ascent,’’ the
opportunity for non-territorial males to develop into territorial
males, was associated with a rapid increase in GnRH1 mRNA levels
ultimately reaching territorial male levels within 2 h (Maruska
et al., 2010). This rapid increase in GnRH1 mRNA expression
suggests direct neural input from sensory modalities rather than
steroid hormone effects, providing a unique opportunity to investi-
gate how different social cues can regulate GnRH1 plasticity.
In birds, there has been a long-standing interest in how visual
and auditory cues are integrated leading to the increase in gonado-
tropin secretion (Ball, 1993; Ball and Ketterson, 2008; Hinde, 1965;
Lehrman, 1965). Recently, it was shown in male ring doves
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(Streptopelia risoria) that the number of cells expressing GnRH1
mRNA and protein increases significantly after exposure to a recep-
tive female (Mantei et al., 2008). In starlings, the presence of a
female significantly facilitated the photoinduced increase in GnRH1
cells in photostimulated male starlings (Stevenson and Ball, 2009).
Together these data suggest that female presence will increase
GnRH1cell numbers in birds. However, female birds have not shown
the same degree of GnRH1 plasticity, suggesting a possible sex dif-
ference in the ability of social cues to affect this neuronal system.
Specifically, female house sparrows paired withmales did not exhi-
bit different GnRH1 cell numbers (Stevenson et al., 2008). Further-
more, when female white-throated sparrows are presented with
male songs, the numbers of GnRH1 immunoreactive cells did not
vary, nor was there a significant difference in the induction of the
immediate early gene Egr-1 in GnRH1 cells (Maney et al., 2007). In-
stead, themale song activated an increase in Egr-1 expression in the
medio-basal hypothalamus, a region implicated in regulating the
release of GnRH1 from synaptic boutons. Indeed male and female
birds process environmental stimuli differently (Ball and Ketterson,
2008). For example, females require more access to supplementary
cues such as those provided by a mate or aspects of the physical
environment to attain full reproductive development whereas
males will reach full reproductive maturation in response to stimu-
latory day lengths (Ball and Ketterson, 2008; Silver, 1978). One
example of such an effect has been shown in female white-winged
crossbills (Loxia leucoptera). White-winged crossbills are an oppor-
tunistically breeding species and rely on the presence of food cues to
successfully time the breeding period (MacDougall-Shackleton
et al., 2001). In this species, captivemales held on thermally neutral
temperature with unlimited food show little or no seasonal GnRH1
plasticity, but instead a constitutively high level of expression, even
when gonads collapse on declining photoperiod in autumn, pre-
sumably to maintain physiological responsiveness to unpredictable
food resources (i.e. seeds). The presence of significant GnRH1 plas-
ticity in captivity is only observed in females and not males, with
an increase in the number of cells occurring during the breeding
season (MacDougall-Shackleton et al., 2001). The current hypothe-
sis is that females require both photoperiodic and supplementary
food and/or social cues in order to time egg-laying and this is re-
flected in the GnRH1 neuronal system. Interestingly, free-living
males sampled in interior Alaska, where autumn temperatures
dropped to -30C during the study period, did show a decline in
GnRH protein expression during autumn (Christal et al., 2001) sim-
ilar in magnitude to that of free-living house finches (see Cho et al.,
1998). This indicates that the GnRH1 system even of male crossbills
can be down-regulated if conditions (shortening days, declining
food supply, and very low ambient temperatures) are sufficiently
challenging.
Research on the neural circuitry involved in the integration of
different social cues is still in its infancy. Similar to the effects of
photoperiodic information on the GnRH1 system, it is unlikely that
the change in GnRH1 cell numbers is attributable to the birth and
death of neurons. However, there is some evidence to suggest that
after brain damage, new GnRH1 cells appear in the POA (Cheng
et al., 2011). It is most likely that the midbrain, thalamic and telen-
cephalic brain regions involved in processing auditory and visual
cues, for example, provide direct and/or indirect inputs onto the
GnRH1 neuronal system (Pfaff et al., 2008; Wilczynski et al.,
1993). Evidence for this stems from findings implicating auditory
cues acting via midbrain and thalamic auditory regions on the
GnRH system in female ring doves (Cheng et al., 1998; Cheng
and Peng, 1997). Here the female’s own coo has been shown to reg-
ulate the GnRH1 system and acts to facilitate copulatory behavior
in a ‘self-stimulation’ manner (Cheng, 1992; Cheng et al., 1988).
Studies of the environmental and social regulation of GnRH1
have generally discussed findings from the perspective of cues hav-
ing stimulatory input to the hypothalamo-pituitary-gonad axis.
However, there is also evidence that social cues can act to remove
inhibitory tone in hypothalamic regions and, therefore, permit the
increase in gonadotropin release (Cheng, 1993; Pfaff et al., 2008). In
addition to social cues, a number of abiotic cues (e.g. rainfall,
temperature and food availability) can affect GnRH1 plasticity.
The effect of food availability in white-winged crossbills has
already been discussed above. In other flexibly breeding birds, in-
creased rainfall is strongly associated with an increase in GnRH1
immunoreactivity (Deviche et al., 2000; Moore et al., 2006; Small
et al., 2007, 2008). The mechanistic basis of how these various abi-
otic factors regulate GnRH1 plasticity is poorly understood. Future
research will face a challenge to untangle the complex neural inte-
gration of supplementary cues that involves switches between
excitatory and inhibitory inputs from a number of brain regions
including midbrain, thalamic, and telencephalic areas.
2.3. Gonadal steroid regulation of GnRH1 during the reproductive cycle
It is well documented that gonadal steroids provide negative
feedback onto the GnRH1 system in a number of vertebrate species
(Herbison et al., 2006). One approach to investigate the negative
feedback effects of gonadal steroids on GnRH1 levels is to examine
whether the numbers of GnRH1-expressing cells change during the
estrous cycle. Studies that employ immunocytochemistry or in situ
hybridization have not shown consistent or dramatic changes in
GnRH1 content. The few studies that have observed changes in
GnRH1 cell numbers revealed small changes (Kobayashi et al.,
1978; Silverman et al., 1994; Wray and Hoffman, 1986). In the
studies that have identified GnRH1 plasticity, there is a significant
increase in the number of GnRH1 cells in the POA between early
and late rat proestrus (Rubin and King, 1994). Interestingly, the
change in GnRH1 cell numbers occurs in young females, but not
in middle aged rats (Rubin and King, 1994). Using in situ hybridiza-
tion, the numbers of GnRH1 mRNA expressing cells have also been
reported to exhibit variation across the rat estrous cycle (Zoeller
and Young, 1988). However, other studies report either no change
or very little plasticity (Malik et al., 1991; Wiemann et al., 1990).
Another means to assess the effects of steroid hormones on
GnRH1 levels is gonadectomy. Here, the removal of the gonads
would be predicted to increase GnRH1 cell numbers and hormone
replacement would reverse such changes. In rodents, there do not
appear to be large or reliable changes in GnRH1 cell numbers
following gonadectomy, as determined either via immunocyto-
chemistry (Kelly et al., 1989) or in situ hybridization (Malik et al.,
1991; Wiemann et al., 1990; Park et al., 1988; Roberts et al.,
1989). In birds, GnRH1 cell numbers in the POA were shown to
be highly sensitive to gonadal steroids as castrated starlings exhib-
ited a significant increase in expression (Stevenson and Ball, 2009).
In this study, pre-breeding starlings that were castrated and placed
on stimulatory day lengths for 2 weeks had more immunoreactive
GnRH1 cells compared to intact starlings. Similarly castration
increased GnRH1 in territorial, breeding A. burtoni compared to
intact individuals (Francis et al., 1992). Taken together, the data
suggest that GnRH1 variation in mammals is either muted or
absent relative to other vertebrates, and that there are potentially
large species differences in GnRH1 plasticity.
In summary, photoperiodic and social cues can have a signifi-
cant effect on the levels of GnRH1 mRNA and protein expression
in birds, fish and mammals. In the vast majority of passeriformes,
the annual change in day length drives marked changes in detect-
able GnRH1 cell numbers. Furthermore, the social context also
modulates GnRH1 levels with the general trend for greater cell
number or cell size associated with reproductive opportunity. In
contrast, gonadal hormone effects on GnRH1 plasticity do not ap-
pear to be consistent across vertebrates. Finally, the variation in
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GnRH1 mRNA and protein expression is most likely the result of
transcriptional and/or translational modifications and not due to
the birth of new neurons.
3. GnRH1 in the preoptic area exhibits functional topography
It has been proposed that the vertebrate POA can be divided
into distinct anatomical regions based on histochemical and func-
tional attributes (Balthazart and Ball, 2007). Studies that have em-
ployed lesions, immediate early gene expression methods (e.g.,
cFOS, ZENK), as well as immunocytochemistry for specific markers
related to the function of hormones or other chemical messengers
(e.g., aromatase) have suggested a medial and lateral division, as
well as rostro-caudal divisions (Balthazart and Ball, 2007). Here,
we highlight data collected in birds and mammals that provide
support for the hypothesis of functional topography in the POA
with a specific focus on the GnRH1 system.
3.1. Anatomically localized effects of environmental and hormonal
milieu on GnRH1 in birds
One hypothesis generated from the extensive GnRH1 plasticity
in birds focused on whether the variation in GnRH1 expression
developed from an overall increase in the number of cells
throughout the entire POA or whether discrete regions in the POA
are more sensitive to different photoperiodic, social and
gonadal states that are known to modulate LH secretion. In order
to examine the photoperiodic regulation of GnRH1 cell number,
3-dimensional plotswere created thatmap the rostral-intermediate-
caudal; dorsal–ventral; and medial–lateral location of individual
GnRH1 cells within the POA of photosensitive, photostimulated
and photorefractory starlings (Fig. 2A). An overall view of the distri-
bution of GnRH1 in the POA shows that the transition from photo-
sensitive to photostimulated and then photorefractory states in
male starlings is characterized by a large change in the overall num-
ber of cells and it appears that these changes are more apparent in
specific regions of the POA. Pre-breeding starlings had moderate
levels of GnRH1 mRNA expressing cells predominantly located
along the midline, a region corresponding to the medial POA (Ste-
venson et al., 2009b). After being photostimulated with long day
lengths, there was a massive increase in expression in the medial-
intermediate region and medial-rostral regions (Stevenson et al.,
2009b). These data suggest that the development of breeding con-
dition is associated with a selective increase in expression in more
rostral GnRH1 cells in the POA. The onset of a non-breeding state re-
vealed that the rostral and intermediate populations of GnRH1 cells
significantly declined; the medial-caudal population was the only
region that maintained similar cell numbers (Stevenson et al.,
2009b). A second follow-up study investigated the temporal pat-
tern of the increase in GnRH1 cell number during the termination
of photorefractoriness by short days and the subsequent develop-
ment of a photosensitive state (Stevenson et al., 2012). Photorefrac-
tory female starlings that were transferred to short day lengths
exhibit a gradual increase in the number of GnRH1 cells between
10 and 30 days (Stevenson et al., 2012). Moreover, the increase in
Fig. 2. Functional topography of GnRHl cells in the avian POA. (A) A three-dimensional representation of the photoperiodic regulation of GnRHl mRNA expression in the
European starling. During the photoinduced changes in reproductive state (i.e. pre-breeding, breeding and non-breeding) there are distinct sub-populations of GnRHl cells
within the POA that show greater variation in expression. In breeding starlings, there is an overall increase in the number of GnRHl mRNA expressing cells with a greater
increase in the medial-rostral and medial-intermediate regions of the POA. The arrows indicate the boundaries of the rostral – intermediate – and caudal regions of the POA.
Non-breeding starlings have very few GnRHl cells that are predominantly located in the caudal POA. (B) Recent work has shown that the presence of a female facilitates the
photoinduced increase in GnRHl cells in male starlings. PR indicates photorefractory males. (C) Unpublished data revealed that the social effect on GnRHl appears to be
specific to a potential mate as canaries housed in mixed sex dyads exhibited an increase in the co-localization of the immediate early gene ZENK in GnRHl cells compared to
same sex dyads or males and females housed alone. (D) The increase in co-localized GnRHl-ZENK cells occurred primarily in the rostral POA providing further support to the
observation of social effects in this region. Data was adapted from Stevenson et al. (2009a,b) and Stevenson and Ball (2009).
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the number of GnRH1 cells occurred primarily in more rostral areas
(Stevenson et al., 2012). These data suggested that the termination
of photorefractoriness and the development of photosensitivity are
associated with the resumption in GnRH1 mRNA expression in a
rostral direction within the POA.
In addition to the photoperiodic regulation of GnRH1, it is
well established that the social environment could modulate
the photoinduced changes in GnRH1, gonadotropins, gonadal vol-
ume, and sex steroid concentrations (Ball and Balthazart, 2002).
Again, the observation of marked GnRH1 plasticity in ring doves
and European starlings may be based on changes in discrete
GnRH1 cells in the POA that are responsive to the social environ-
ment. In order to address this question, Stevenson and Ball
(2009) plotted the rostral-caudal distribution of GnRH1 cells
and compared the numbers of cells in each tissue section in
photostimulated males paired with a female, photostimulated
males housed alone, and photorefractory males housed alone.
Males that were paired with a female displayed a significant in-
crease in the number of GnRH1 immunoreactive cells in the ros-
tral region in the POA. The POA is a key site for the regulation of
reproductive behavior in a wide range of vertebrate species. In-
deed specific regions have been proposed to regulate different
components of reproductive behavior, for example, appetitive
and consummatory sexual behaviors (Ball and Balthazart, 2004;
Panzica et al., 1996). The rostral POA has also been shown to ex-
hibit an increase in immediate early gene activation after male
starlings engage in song (Riters et al., 2004) and after Japanese
quail (Coturnix coturnix) engage in appetitive sexual behaviors
(Taziaux et al., 2006). Furthermore, lesions that target specific
subregions in the POA have supported the existence of a topo-
graphic organization in starlings (Riters and Ball, 1999) and quail
(Balthazart et al., 1998). In combination, these data suggest that
the rostral POA is highly sensitive to the social environment
and may play a role in regulating behavioral interactions with
a conspecific.
One way to test whether the GnRH1 cells in the rostral POA are
linked to social interactions is to ask whether these rostral popula-
tions of GnRH1 cells co-express the immediate early gene ZENK
during behavioral interactions. Unpublished results in male and
female canaries suggest that when birds are paired in male–female
dyads, there is a significant increase in the percentage of GnRH1
cells that are co-labeled with the ZENK, compared to same sex-
dyads or birds housed alone (Fig. 2C; unpublished observation).
Thus, immediate early gene activation in GnRH1 cells may be
dependent on the presence of a potential mate and not simply
the presence of another conspecific. Furthermore, the induction
of ZENK in GnRH1 cells was primarily located in the rostral POA
(Fig. 2D). Together, these data support the hypothesis that the
GnRH1 system is highly dynamic and that specific sub-populations
are more sensitive to the social environment and may play a criti-
cal role during behavioral interactions with a potential mate. How
social cues are integrated and what neural and hormonal inputs
drive the changes in GnRH1 plasticity is not well understood. Fur-
ther work that examines localization of GnRH1 plasticity in male
African cichlids A. burtoni, male green treefrogs and female musk
shrews, may reveal a conserved functional topography in the
GnRH1 neuronal system.
3.2. Anatomically localized effects of positive feedback on GnRH1 in
mammals
Estrous and menstrual cycles involve a period of brief positive
feedback in which estrogen indirectly increases GnRH1 neuron
activity to enhance gonadotropin stimulation; a period termed
the ‘LH or GnRH1 surge’ (Herbison et al., 2006). Several studies that
have employed double label immunocytochemistry for the imme-
diate early gene cFos in GnRH1 cells have revealed that discrete
sub-populations of GnRH1 are activated during the LH surge (Chan
et al., 2011; Lee et al., 1990; Wintermantel et al., 2006). The induc-
tion of cFos during the LH surge occurred in approximately 40% of
GnRH1 cells located specifically in the rostral POA (Lee et al., 1990;
Wintermantel et al., 2006). Recently, Chan and colleagues (Chan
et al., 2011) demonstrated that female GnRH1-green fluorescent
protein (GFP) mice exhibit marked plasticity in the somatic spine
density in GnRH1 cells across the estrous cycle. Estradiol treated
mice exhibited the increase in cFOS expression in the rostral sub-
population of GnRH1 neurons, and these cells were the primary
group observed to show increased somatic and dendritic spine
density during the LH surge. The increase in spine density was
not observed in GnRH1 neurons that did not co-label for cFos or
in GnRH1 neurons during the non-surge periods. Furthermore,
extensive and complex GnRH1 dendritic trees project into the
OVLT and terminate outside the blood–brain barrier (Herde et al.,
2011). A large population of these GnRH1 cells exhibits cFos induc-
tion during the LH surge, suggesting that this cell group may also
contribute to the LH surge independent of the classical bipolar cells
that project into the ME (Herde et al., 2011). The presence of den-
dritic branching outside the blood–brain barrier adds another level
of complexity to the function of this unique cell population. For
example, in addition to neuromodulatory inputs (e.g., glutamate
and kisspeptin), a number of molecules in the periphery can influ-
ence GnRH1 activity. Overall, the data support the hypothesis that
a discrete subpopulation of GnRH1 cells in the rodent POA is spe-
cifically involved in the LH surge.
4. Co-evolution of neuropeptide plasticity and seasonal
reproductive cycles
As previously discussed, the photoperiod-driven changes in
GnRH1 are the one predominant physiological factor regulating
the seasonal breeding window in many passeriform species (Ball
and Hahn, 1997). In contrast, in the majority of seasonally breeding
mammals GnRH1 levels remain constant. There are a few excep-
tions to this observation such as the case of prairie voles (Microtus
ochrogaster) where animals that exhibit photoperiod-induced
gonadal regression exhibit an increase in the number of immuno-
reactive GnRH1 neurons (Kriegsfeld and Nelson, 1999). In addition,
based on studies of male Siberian hamsters (Phodopus sungorus)
GnRH1 expression seems to increase in a stable population of cells
in the POA as the animals transition from experiencing short days
to long days (Bernard et al., 1999). Plasticity relevant to changes in
the function of the GnRH1 system related variation in the mamma-
lian reproductive cycle was revealed by studies of another neuro-
peptide. The identification and characterization of a neuropeptide
called kisspeptin (KiSS1) provided a significant discovery for
understanding the molecular and neural circuits that govern mam-
malian reproductive cycles (De Roux et al., 2003). Since the discov-
ery of kisspeptin, a number of different isoforms have been isolated
and the primary form kiss1 has been shown to play a critical role in
the neuroendocrine regulation of reproduction in a wide range of
mammals (Popa et al., 2008; Simonneaux et al., 2009; Smith
et al., 2010). In seasonally breeding mammals, in particular the
domestic ewe, Syrian hamster (Mesocricetus auratus) and Siberian
hamsters, variation in reproductive physiology has been linked to
extensive kiss1 plasticity in the hypothalamus, (see Goodman
et al. (2010) and Lehman et al. (2010) and Simonneaux et al.
(2009) for reviews).
One can generalize about these different patterns of neuropep-
tide plasticity in birds and mammals. In birds it seems that varia-
tion in reproductive physiology is much more apt to correspond
directly with variation in the GnRH1 system. For example, several
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papers have discussed the phylogenetic distribution of GnRH1
plasticity in birds and have proposed that variation in GnRH1
plasticity is an adaptive mechanism involved in the timing of
reproductive schedules (Hahn and MacDougall-Shackleton, 2008;
MacDougall-Shackleton et al., 2009). In mammals it seems to be
the case that variation in Kiss1 plasticity relates systematically to
variation in reproductive activity. Here we briefly discuss predict-
ability in the neuropeptidergic regulation of seasonal reproduction
and then present a phylogenetic comparison of GnRH1 plasticity in
birds and Kiss1 plasticity in mammals. We focus on these two
peptides because of the clear roles they play in facilitating repro-
duction in birds and mammals, respectively. Another peptide,
termed Gonadotropin-Inhibitory Hormone (GnIH; the mammalian
ortholog, RFamide-related peptide RFRP), was first identified by
Tsutsui and colleagues in Japanese quail (Tsutsui et al. (in press)
for a review). This dodecapeptide has been shown to be present
in the hypothalamus of many avian and mammalian species
(Tsutsui et al., in press). It can act in many different ways to inhibit
reproduction including direct action on the pituitary to inhibit gon-
adotropin release (Tsutsui et al., in press). In mammals, changes in
photoperiod have been shown to regulate the number of RFRP
expressing cells in sheep and hamsters (Mason et al., 2010; Roch
et al., 2011), but this does not appear to be the case in birds (Bent-
ley et al., 2003b). There is evidence that other environmental fac-
tors, for example, social cues and rainfall, are correlated with
variation in GnIH expressing cells in birds (Calisi et al., 2011; Rob-
erts et al., 1989). Indeed RFRP expression is dependent on photope-
riodic state and that the interaction of KISS1 and RFRP is important
for timing breeding in a number of seasonally breeding mammals
(Smith et al., 2008). We do not focus on the GnIH peptide in our
discussion because although it clearly plays an important role in
the inhibition of reproduction and reproductive behavior (Tsutsui
et al., in press) it is still unclear as to whether it plays a primary
role in regulating GnRH1 in the context of the photoperiodic mod-
ulation of reproduction in birds.
4.1. Predictability in the control of seasonal reproduction
Seasonal breeding is a dramatic example of naturally occurring
variation in the neuroendocrine control of reproduction. Indeed,
seasonally breeding species respond to a diverse range of environ-
mental cues in order to time breeding so that it occurs when con-
ditions are favorable for the survival of their offspring (Ball, 1993;
Bronson et al., 1989; Hau, 2001; Immelmann, 1973; Wingfield and
Kenagy, 1991; Wingfield, 1988). The constancy/contingency model
is an information theoretical approach that has been used to exam-
ine periodic cycles in physical and biological phenomena using the
concept of predictability (Colwell, 1974). Here, the term constancy
is used to describe environmental conditions as predictable be-
cause there is little to no change over time. The term contingency
is used to describe a variable environment as predictable in the de-
gree to which change is seasonally consistent. The predictability in
the annual change to specific environmental cues (e.g., day length)
provides a reliable signal that many seasonally reproducing species
use to anticipate optimal breeding conditions (Bradshaw and
Holzapfel, 2007; Dawson et al., 2001; Goldman, 2001). This
approach has been used to illustrate the predictability in seasonal
flowering and fruiting in plants (Colwell, 1974), avian gonad cycles
(Wingfield et al., 1992) and the neuropeptidergic control of repro-
ductive cycles (Stevenson and Ball, 2011). The constancy/contin-
gency model has been applied to the seasonal variation in
GnRH1 expression in a range of bird species (Stevenson and Ball,
2011). The variation in breeding strategies, specifically starlings
and white-crowned sparrows, are reflected in the degree of pre-
dictability in environmental cues. Specifically, opportunistic or
flexibly breeding strategies present in white-crowned sparrows
rely more on constancy cues compared to strictly seasonal species
(Stevenson and Ball, 2011). In starlings, the change in GnRH1
expression that is driven by photoperiodic cues rely more on a con-
tingency cue, namely day length. A similar pattern was shown for
the variation in KiSS1 expression in the hypothalamus of the sea-
sonally breeding Siberian hamster. In this species, variation in
KiSS1 expression also changes predictability, primarily attributed
to the annual change in day length providing contingency informa-
tion. There are marked differences in the photoperiodic responses
in seasonally breeding birds and mammals. The use of phyloge-
netic trees provides a means to examine how different photoperi-
odic responses may have evolved in closely related species and
identify how the variation in potential genes (i.e. neuropeptides)
may drive the divergence in the species.
4.2. Photoperiodic regulation of GnRH1 plasticity in birds
As noted above, not all birds exhibit the same reproductive pho-
toperiodic response. There is a large amount of diversity in the way
that birds integrate photoperiodic information leading to the tim-
ing of breeding periods (Hahn and MacDougall-Shackleton, 2008).
Although a few species of photoperiodic birds may display a fixed
threshold for photostimulation (see Lofts and Murton, 1968), most
develop some form of photorefractoriness (i.e., the lack of respon-
siveness to daylengths that previously stimulated reproductive
development) after prolonged exposure to long days (Farner and
D.S., 1983; Nicholls et al., 1988; Wilson and Donham, 1988).
‘‘Absolute photorefractoriness’’ has operationally been defined by
two criteria: (1) the regression of the gonads with no decrease in
day length, and (2) once the gonads regress, refractoriness is abso-
lute in the sense that the presence of even longer day lengths can-
not re-stimulate gonadal development (Hamner, 1968;
MacDougall-Shackleton et al., 2009; Nicholls et al., 1988). More-
over, birds that are in an absolutely photorefractory state seem
to be physiologically unresponsive to all previously stimulatory
environmental cues (Ball, 1993; Dawson and Sharp, 2007). A sec-
ond form of photorefractoriness observed in birds is referred to
as ‘‘relative photorefractoriness’’ (Nicholls et al., 1988). In species
that exhibit relative photorefractoriness, for example the Japanese
quail, birds must experience a declining day length in order to ini-
tiate gonadal regression, yet birds will resume reproductive com-
petence when presented with longer days (Follett and Maung,
1978; Robinson and Follett, 1982). In the passerine species exam-
ined, absolute photorefractoriness is associated with a profound
reduction in the amount of GnRH1 mRNA (Stevenson et al.,
2009a) and protein (Cho et al., 1998; Dawson et al., 1985; Foster
et al., 1987; Goldsmith et al., 1989; Marsh et al., 2002; Park
et al., 1988; Pinter and Peczely, 2010) in the POA. Such GnRH1
plasticity is generally observed in birds that exhibit absolute
photorefractoriness, and to be absent in birds that exhibit relative
photorefractoriness, such as the domestic chicken (Gallus gallus)
and Japanese quail (Fig. 3; MacDougall-Shackleton et al., 2009).
Not all passeriform species exhibit absolute photorefractoriness
and associated GnRH1 plasticity, and instead show different
degrees of responsiveness according to the two criteria for photo-
refractoriness. For example, photorefractoriness has not been
reported in opportunistically breeding birds. Red crossbills do not
exhibit gonadal involution in response to constant long days for
over 225 days, thus failing to exhibit photorefractoriness according
to criterion 1 (Hahn, 1995). In a closely related species, the white-
winged crossbill (Arnaiz-Villena et al., 2001) there is a lack of var-
iation in the GnRH1 immunoreactivity in the POA after prolonged
exposure to long days (Pereyra et al., 2005) or when induced to
regress the gonads with declining photoperiod (MacDougall-
Shackleton et al., 2001). In addition to the crossbill species, a few
other birds in the order passeriformes do not exhibit criterion 1,
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including zebra finches (Hahn et al., 2008) and rufous-winged
sparrows (Aimophila carpalis; (Small et al., 2007). The breeding
schedules of birds that do not regress their gonads in response to
continued long day lengths has evolved in some taxa indepen-
dently and is hypothesized to be an adaptive specialization for
temporal flexibility (Fig. 3; Hahn and MacDougall-Shackleton,
2008; MacDougall-Shackleton et al., 2009). Far fewer species have
been tested for criterion 2, but those that have been identified
include the tropical antbirds (Hylophylax naevioides; Beebe et al.,
2005) and rufous-winged sparrows (Small et al., 2007). Further-
more, the two criteria for absolute photorefractoriness are not nec-
essarily interchangeable. For example, pine siskins (Spinus pinus)
spontaneously regress their gonads on long days (pass criterion
1) but will undergo gonadal recrudescence to very long days when
photorefractory (fail criterion 2; MacDougall-Shackleton et al.,
2006). Pine siskins also down-regulate GnRH1 when photorefrac-
tory, but are still able to rapidly respond to very long days even
when photorefractory, suggesting an ability to rapidly increase
GnRH1 expression (MacDougall-Shackleton et al., 2006; Pereyra
et al., 2005), although this interpretation should be viewed with
caution, since the siskins tested for criterion 2 had collapsed their
gonads on declining photoperiod, not constant long days (also see
MacDougall-Shackleton et al., 2006). In the case of moderately
flexibly breeding species like the canary, the data for GnRH1 plas-
ticity are quite interesting though they are somewhat hard to
interpret because of the possible effects of domestication. Canaries
are well known to respond to photoperiod in captivity and exhibit
absolute photorefractoriness (e.g., Storey and Nicholls, 1976). In
the wild canaries will at times breed in a manner consistent with
them being photoperiodic but under favorable conditions they will
begin breeding well before daylength increases (Leitner et al.,
2003). For this reason they are referred to as being ‘‘seasonal
opportunistic breeders’’(Leitner et al., 2003). There are interesting
differences in two canary strains with the American singer strain
maintaining high levels of GnRH1 in the presence of prolonged
exposure to long days (Bentley et al., 2003a) and the Border strain
exhibiting gonadal involution, along with a marked decrease in
GnRH1 expression (Hurley et al., 2008). The American singer strain
seems to have lost over the course of domestication the native
responsiveness to photoperiod that is maintained in the Border
strain. In general though it appears based on a comparison of these
two strains that gonadal regression is associated with a marked de-
cline in POA GnRH1 (Bentley et al., 2003a; Hurley et al., 2008).
4.3. Photoperiodic regulation of Kisspeptin plasticity in mammals
In 2003, the endogenous receptor for the neuropeptide kisspep-
tin (KiSS1), GPR54, was identified, along with the observation that
endogenous and genetically engineered mutation of the Gpr54
gene was associated with hypogonadotropic hypogonadism
(De Roux et al., 2003; Seminara et al., 2003). These findings pro-
vided a significant step toward elucidating the mechanisms that
govern reproductive maturation and hormonal cycling (i.e. estrous
and menstrual cycles) in mammals. Several studies have demon-
strated that KiSS1 mRNA and protein are mainly expressed in two
hypothalamic areas: the arcuate nucleus (Arc) and the anteroven-
tral periventricular nucleus (AVPV; reviewed in Simonneaux et al.
(2009)). In primates, KiSS1 mRNA and protein is also expressed in
the Arc, but instead of the AVPV, KiSS1 is localized to the POA
(Smith et al., 2010). To date, KiSS1 has been shown to exhibit
marked plasticity that is either associated with the seasonal breed-
ing state or stage of the estrous/menstrual cycle (Fig. 3). However,
the extent of the plasticity and functional significance depends on
the anatomical location one considers (Navarro and Tena-Sempere,
2012; Oakley et al., 2009; Popa et al., 2008; Smith et al., 2010).
Two model species that have been used with great success to
elucidate the role of KiSS1 in the seasonal control of reproduction
are domestic sheep and Siberian and Syrian hamsters. In the ewe,
there are many more KiSS1 cells in the medial-caudal Arc and
POA during the breeding season, compared to the non-breeding
season (i.e. anestrous; Chalivoix et al., 2010; Smith et al., 2007,
2008). This seasonal variation in expression is primarily
attributable to the effect of KiSS1 mRNA and protein suppression
by estrogen. Studies using ovariectomy and/or hormone replace-
ment have shown that estrogen feedback has a significant negative
effect on KiSS1 expression in the Arc (Chalivoix et al., 2010; Smith
et al., 2007, 2008). The seasonal change in KiSS1 expression is
thought to provide the major input onto GnRH1 terminals and thus
regulate the release of GnRH1 (Smith et al., 2008). The data
collected to date from hamsters has provided important compara-
Fig. 3. Phylogenetic analysis of GnRHl and Kissl plasticity in bird and mammalian species, respectively. Kissl plasticity occurs in both the Arc and POA/AvPv in all mammalian
species studied to date. Data was compiled using MacDougall-Shackleton et al. (2009), Revel et al. (2006), Greives et al. (2007), Gottsch et al. (2011), Adachi et al. (2007),
Smith et al. (2007), Chalivoix et al. (2010), Smith et al. (2010). Phylogeny was adapted from Marten and Johnson (1986), Arnaiz-Villena et al. (2001) and Jansa and Weksler
(2004) and Prasad and Allard (2008).
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tive information. The initial description of KiSS1 plasticity was
identified in Syrian hamsters with greater expression in the Arc
in long day (i.e., breeding) males compared to short day (i.e.,
non-breeding males; Revel et al., 2006). Furthermore, the pattern
of KiSS1 expression was reversed in the AVPV (Revel et al., 2006).
However, in the closely related species, the Siberian hamster, KiSS1
expression exhibited the opposite pattern in both anatomical re-
gions, with greater expression in the AVPV associated with a
breeding state, and higher expression in the Arc associated with
a non-breeding state (Greives et al., 2007, 2008; Paul et al.,
2009). These data raise interesting questions regarding the role
of day length and gonadal steroids in the regulation of KiSS1
plasticity. One hypothesis is that the function of the Arc and
AVPV/POA populations are significantly different with the Arc sig-
naling seasonal information required for timing reproduction with
the environment, and the AVPV/POA KiSS1 population regulating
the GnRH1/LH surge (Clarke et al., 2009; Revel et al., 2007;
Simonneaux et al., 2009). It is important to mention that in Syrian
hamsters, KiSS1 expression increased in males that developed
photorefractoriness to short days (Revel et al., 2006). In many ham-
ster species, prolonged exposure to short day lengths results in
insensitivity to the inhibitory effects induced by melatonin result-
ing in reproductive development (Bittman, 1978). This study sug-
gests that one possible outcome for the development of a
photorefractory state in mammals is the reactivation of KiSS1
mRNA/protein expression. It will be an important, yet for-
midable task to evaluate species variability in the photorefractory
response in mammals and evaluate how this relates to KiSS1
plasticity.
In species that time reproduction via estrous or menstrual
cycles, there are consistent reports of KiSS1 plasticity (Fig. 4). Rhe-
sus macaques (Macaca mulatta) exhibit KiSS1 plasticity across the
estrous cycle with greater levels in the Arc occurring during the
GnRH1/LH surge (Smith et al., 2010). This pattern of KiSS1 expres-
sion is similar to those reported in the mouse (Gottsch et al., 2011)
and rat (Adachi et al., 2007). How variation in KiSS1 plasticity
develops across the reproductive schedules is not well defined,
but most likely includes a strong gonadal hormone component.
The difference in the reproductive schedules, predominantly
highly seasonal or estrous/menstrual cycles may be linked to the
integration of environmental and internal signals. For example,
the annual change in day length is the predominant cue that drives
seasonal reproduction in mammals (Goldman, 2001). The hormone
melatonin is a strong physiological read-out of the day length
(Reiter, 1991). Thus, the loss of the seasonal control of reproduc-
tion may arise from a change in the responsiveness of the KiSS1
cells directly to the melatonin signal or indirectly through another
cell population. If this hypothesis is correct, then we should
observe a decrease in the sensitivity of KiSS1 neuronal system in
species that do not use the annual change in day length to time
reproduction (i.e. some laboratory mice and rats). An alternative
hypothesis is that dietary intake at a consistently high rate has
led to a switch from the hormonal input mediated by day length
to a nutritional/metabolic signal. Indeed there is evidence that a
lack of sufficient nutrient availability leads to delayed puberty in
humans (Foster and Nagatani, 1999). The hormone leptin has been
shown to transmit nutritional status to the kisspeptin system and
could provide a marker for the emergence of estrous/menstrual
cycles (Hameed et al., 2011; True et al., 2011). An alternative to
nutritional and/or energy balance, the increase in KiSS1 expression
in photorefractory Siberian hamsters provides another route for
the loss of photoperiodic gating for the neuroendocrine control of
reproduction via KiSS1. Specifically, the melatonin driven decrease
in KiSS1 in highly photoperiodic species may have emerged from
an increased responsiveness of the KiSS1 neuronal system to the
increased duration in the melatonin signal produced under short
day lengths. Here, the inhibitory effects of short days on reproduc-
tion had adaptive significance for survival in hamsters. Overall,
Fig. 4. Schematic representation of the neuromodulatory and hormonal inputs that regulate GnRHl in the preoptic area (POA) in birds and Kissl in the Arcuate nucleus (Arc) in
mammals. The annual change in photoperiod is the primary signal that governs the predictability in neuropeptide expression. However, the precise hormonal (i.e. melatonin
and/or thyroid hormones) and neural signalsthat integrate the photoperiodic cue with a physiological effect on the GnRHl and Kissl cell activity are not known. There are
several neural candidate inputs that regulatve GnRHl and Kissl mRN A/protein expression. The photoperiodic regulation of GnRHl and Kissl expression most likely involves a
switch from a net balance of excitation to inhibition and vice versa. It is important to note that the majority of the information on GnRH1 mRNA expression is derived from
mammalian and cell line experiments. One marked difference between avian and mammalian regulation of GnRHl is the absence of Kissl input onto GnRH1 cells, as kisspeptin
has not been identified in birds. Abbreviations: Protein Kinase A (PKA), and Mitogen-activated protein kinase (MAPK), Purine-rich element binding protein alpha (pur-alpha).
Mammalian target of rapamycin (mTOR), thyroid transcription factor 1 (TTF1). Data compiled from Dawson et al. (2001), Tilbrook and Clarke (2001), Popa et al. (2008) Oakley
et al. (2009), Xu et al. (2009), Zhao et al. (2010), Mueller et al. (2011), Hameed et al. (2011), True et al. (2011), and Navarro and Tena-Sempere (2012).
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there are three plausible mechanisms that could account for the
divergence in the timing of reproductive timing strategies in mam-
mals: (1) a loss in the responsiveness of the KiSS1 neuronal system
to melatonin leading to an estrous/menstrual cycle that is not sea-
sonal; (2) a shift from photoperiodic cues to signals that indicate
the nutritional state of the organism; and/or (3) an increase in
the sensitivity of the KiSS1 neuronal system to melatonin.
5. Summary and conclusions
In this paper we have presented data from birds, fish and mam-
mals that suggest the GnRH1 neuronal system exhibits extensive
plasticity in response to distinct environmental and internal hor-
monal signals. Furthermore, we presented findings that reveal a
topographic organization of sub-regions of GnRH1 neurons in the
POA that are highly sensitive to external cues (i.e. photoperiod,
social cues) in birds, and hormonal feedback during the LH surge
in rodents. Overall, this review illustrates how – when viewed in
a broad comparative context – the GnRH1 neuronal system is
highly dynamic and this plasticity evolved for signaling related
to the control of reproduction.
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